The development of Textile Reinforced Mortar (TRM) has offered new potential for a number of applications in the field of structural strengthening. Its advantages over other strengthening techniques -such as compatibility with substrates, lower costs, better performance at high temperatures and high ductility -make the TRM vital for unreinforced masonry structures which are most vulnerable to seismic loadings. This paper presents a non-linear numerical simulation with a 2D finite element analysis (FEA) of TRM reinforced masonry walls under lateral in-plane loading. Simulations include the modelling of walls with and without openings; walls were modelled through a non-linear shelllayered element; brick masonry wall was modelled as a continuous material using two overlapping layers with different mechanical characteristics. The TRM was defined as a single shell of material for the mortar matrix and the mesh glass fibre applied through two layers that make up the reinforced plaster applied to the two faces of the wall. The increment of the maximum horizontal load and the high increment of ductility of the TRM retrofitted have been observed. Results provide a prediction of the plane's structural behaviour in order to propose a reinforcement method for masonry structures using a TRM.
INTRODUCTION
Masonry buildings constitute most of the South European Heritage. Most of them are also artistic and valuable goods and are considered among the most popular structural systems in the European continent. The seismic retrofitting of these structures has become a topic of great relevance given their usually high vulnerability and, above all, the result of the latest and devastating seismic events. Therefore, the reinforcement of existing structures today is becoming one of the major activities in the field of civil engineering. The development of research and technology in recent decades has enabled us to use composite materials that best meet performance requirements. They are a valid alternative to traditional reinforcement and refurbishment techniques. To date, the use of composite materials is increasing in professional practice. However, being recently introduced, these materials require studies and experimental tests to carefully evaluate the benefits of their application [1] , [2] . Innovative and sustainable materials have been recently proposed for the reinforcement of concrete, such as the use of PET from recycled waste bottles [3] - [5] . For masonry structures, Textile Reinforced Mortars (TRM) appeared as an alternative for the seismic retrofitting of URM walls [6] , [7] . These materials comprise a fiber mesh and a cement mortar with different additives for higher ductility. The textile material is usually a bidirectional grid of glass, carbon or basalt fibers. The main advantage of TRM is a better compatibility with masonry, which could avoid the aforementioned bonding or permeability issues. In addition, TRM can also improve masonry's strength and ductility [6] . TRM seemed to provide a significant improvement of masonry's strength and deformability [8] .
Numerical modelling of masonry structures with FEM is a very computationally time demanding task due to: (i) Complex typological characteristic of masonry structures, (ii) non-linearity in material behaviour and (iii) the lack of reliable experimental data to characterize the material can be counted as thereof the several reasons. Masonry consists of brick units and mortar as a bonding material. Because of its complex geometric nature, it is necessary to assume convenient material behaviour (stress-strain) and conduct the analysis with numerical techniques, to obtain the global response of the structure. The addition of some retrofitting elements can increment the computational time and the complexity of the analysis.
The present paper focuses on the use of textile-reinforced mortars (TRM). Some studies have also been carried out by the authors on the use of reinforced resins for the retrofitting of concrete columns [8] - [10] . A new simplified formulation and implementation of a FEM model for the analysis of walls reinforced by mean of textile-reinforced mortar (TRM) is here proposed. The objective of such numerical analysis is, of course, the prediction of the behavior of real walls in order to propose a reinforcement method for masonry structures using a TRM composite.
The research is part of a wider experimental project at the University of Alicante (Spain) with the aim of analyzing the behavior of masonry walls against seismic actions in order to propose a reinforcement method using TRM composite material [11] .
FE MODEL
Two specimens with 0.25 m thickness have been considered. Both have the same dimensions, but one has an opening for a door. Fig. 1 shows the geometric characteristics of the specimens. In this study, in-plane behaviour of the specimens has been simulated. Two different loading conditions of compressive vertical loads have been analyzed. Both can be similar to the gravity load caused by the weight of several floors. For this reason, 150 kN and 300 kN have been considered. Under these load conditions, maximum horizontal load and its displacement have been analyzed. For boundary conditions, the base of the specimens is constrained (each node has restrained its vertical and horizontal displacements) and the top where load is applied is free.
There are several modeling strategies that can be classified into micro-modeling and macro-modeling.
Micro-modeling considers the masonry as a material composed of bricks and mortar joints molded continuously, in which the interface represents a point of discontinuity. Therefore, there is a large number of parameters that come into play in the construction of the model: (i) properties of blocks and mortar, (ii) block geometry, (iii) characteristics of joints, (iv) block-mortar interface, etc. Therefore, the application of micro-models for the entire structure is prohibitive due to the too high number of variables [12] . Results with these numerical simulations can present a very approximation to the crack pattern of a real masonry wall. The macro-modeling, instead, considers the masonry as a homogeneous continuous that replaces the two materials (blocks-mortar).
In this paper, a macro-modelling strategy has been considered. The aim of this study is to evaluate the effect of TRM on the in-plane behavior of masonry walls by a macro-elements FEM developed with a commercial software [13] . To this aim, masonry wall has been simulated with a non-linear behavior and the structural response of the specimen loaded in its own plane has been obtained. The following section provides a description of the modelling procedure and some theoretical aspects related to the constitutive laws of the materials adopted.
Modelling strategy
The wall was modeled through a non-linear shell-layered element. In particular, two different layers have been considered, each of which is characterized by its own constitutive equation (stress-strain curve). The shell-layered allows defining any number of layers in the thickness direction; each layer is identified by its position, thickness. Fig. 2 shows the arrangement of the material that is characterized by its own stress-strain relationship in the case of masonry wall with reinforcement. This modeling strategy implies a perfect adhesion between the reinforcing material and the masonry. The anisotropy of masonry will be modeled by two different stress strain curves. Each of them will represent respectively vertical and horizontal stresses, and shear stress: S11 and S22 stress-strain curves will show the same behavior.
In both specimens, the constitutive equations of the masonry have been considered as a nonlinear layered shell. For specimen with an opening door, the beam has been modelled as an elastic material to simulate timber material. Fig. 3 shows a general view of the FEM developed with a 0.10 m squared mesh. The wall has been constrained at the base, each node has restrained its vertical and horizontal displacements. Moreover, in order to reduce local effects during the pushover analysis a singular element has been modelled with the same thickness as the wall but of a material having the following characteristics:
 Zero self-weight;  Same modulus of elasticity as the masonry;  Elastic behaviour.
With this configuration, an incremental horizontal displacement has been applied in point B according the recommendations of Foti [14] and Bilgin and Korini [15] . 
Brick masonry material
The brick masonry wall was modelled as a continuous material. For it, two overlapping layers with different mechanical characteristics in compression/tension and shear were used. According the Italian seismic code [16] , Appendix C8.A of this Standard identifies that it is possible to define the values of the mechanical parameters of the masonry by referring to Table C8A .2.1: "Reference values of the mechanical parameters (minimum and maximum) and average specific weight for different typologies of masonry". The use of this table presupposes the framing of the specific case in one of the pre-constituted types of masonry. For this case study, the values related to the type of masonry "solid brick and lime mortar masonry" was decided to use. For it, the mean of the suggested range of values were adopted for compressive and shear strength, respectively.
The density of masonry was considered of 1800 kg/m 3 according these Standards. Fig. 4 shows the compression and tension stress-strain diagram of the masonry used in this paper. Fig. 5 show the shear stress-strain diagram.
Timber material
Timber beam is considered as an elastic and linear material with a maximum tension/compression strength of 14.0 MPa and an ultimate strain for tension and compression of 0.0019 mm/mm.
TRM material
TRM reinforcement (mortar matrix and mesh glass fiber) was defined as a single shell and was applied at two faces of the wall. Table 1 shows the mechanical properties for the TRM reinforcement and Fig. 6 shows its constitutive behavior. 
Results of structural analysis
A push-over analysis has been performed. Results show the structural behavior for two specimens (complete wall and wall with an opening) under two different gravity loads (Vertical 1 are 150 KN and Vertical 2 are 300 KN). Table 2 show the values for forces (F u ) and displacements (δ u ) for both specimens and for both gravity loads. From Table 2 , it can be observed that a TRM reinforcement has a clear improvement in structural response. The improvement is higher for "vertical 2" load condition. In the specimen without TRM, however, there is no significant difference in the behaviour of the walls depending on the two vertical load levels. (Fig. 7) , whereas reinforced specimens have a high ductility (Fig. 8 ). It is observed that the wall with a higher stiffness is the complete one, the level of compression increases the stiffness and the maximum load value reached. Reinforced specimens have a higher load and a higher displacement. Fig. 9 shows the distribution of the maximum stresses in the different layers of the masonry wall. It is observed how the reinforcement mesh redistributes the levels of stresses; this effect can be clearly observed in Fig. 9(a) and (e). The redistribution of the maximum stresses in the layers related to the modeling of wall shear behavior is also clearly shown in Fig. 9(c) and (d) . Fig. 10 shows the distribution of the maximum stresses in the different layers of the wall with an opening for the door, both without reinforcement and those reinforced with TRM. In 3 CONCLUSIONS The scientific community has shown that the use of TRM in masonry structural elements brings great benefits. From a practical point of view, it is well suited to be applied above all in those cases where the monolithic nature of the walls is missing. In fact, this absence undermines the basis of a good seismic behavior of a structure, since it can make even null the presence of suitable characteristics, such as a good cohesion between elements.
The more traditional reinforcement techniques aim to increase the seismic capacity by improving the connection between the different elements, reducing the action of any pushing roofs or the excessive deformability of the floors. TRM therefore, for what previously obtained, is configured as a valid alternative or addition among the available possibilities.
In this work layered numerical shell elements models have been presented as an alternative to other complex numerical models to simulate masonry walls reinforced with TRM. The purpose of these numerical models is to estimate the structural behavior in masonry walls, with and without door opening. The layered non-linear shell element has been presented as a good option to simulate this type of retrofitting. The increment of the maximum horizontal load and the high increment of ductility of the TRM retrofitted walls have been simulated with a high level of coherence for different walls and different vertical compression loads.
The full reliability of the utilized modelling technique will be verified by comparing the above results with the results obtained by an ongoing experimental campaign on samples tested in laboratory at the Civil Engineering Laboratory of the University of Alicante.
